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Abstract. The ATLAS and CMS collaborations recently reported indication of a Higgs boson around 125 GeV. If we add 
extra vector-like quarks to the MSSM, such a relatively heavy Higgs can be naturally realized in the GMSB framework, 
simultaneously explaining the muon g — 2 anomaly. I will discuss LHC prospect of this attractive model. 
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INTRODUCTION 

The Higgs boson. The year 2011 was a great year for the Large Hadron Collider (LHC). It delivered, and the 
ATLAS and CMS detectors respectively recorded, event data corresponds to c. 5fb _1 with -Js = 7TeV. The rich data 
yield tremendous development on the searches for the Standard Model (SM) Higgs boson; now the boson is likely 
to have a mass, if exists as we have hoped, within the range 116-130GeV according to the ATLAS experiment, and 
115-127GeVtotheCMS. 

Our delight was that the both experiments have observed some excesses of events which can be interpreted as 
"tantalizing hints" of the Higgs boson with a mass of 124-126GeV. Such a Higgs boson mass is consistent with the 
prediction of the supersymmetry (SUSY), a promising candidate for a theory beyond the SM, which may lead us to 
the grand unified theory (GUT). 

Under the minimal SUSY standard model (MSSM) framework, the Higgs boson mas£] nif, can be expressed with 
very rough approximation as 
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where m~ : = (m~ + m~ )/2 is the averaged mass of the top squarks, and X t : = A t — ji cot j3 is a squark mixing parameter; 
A t is the SUSY-breaking trilinear coupling of the top squarks. Especially for the mass 125 GeV, we need mj more than 
a few TeV and/or rather large X t , such as X, w —\/~6mj (so-called ra/,-max scenario^. 



Muon anomalous magnetic moment. Now let us move on to another virtue of the SUSY: the explanation of the 
— 2)^ problem. The muon anomalous magnetic moment (g — 2)^ has a discrepancy between its experimental result 



and the SM calculation; the values are, in terms of a^ := (g — 2)^/2, 
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where we can see that the discrepancy is a 3(7 level or more. 



1 Here and hereafter, the "Higgs boson" refers to the lightest CP-even Higgs boson in the MSSM. 

2 For more rigid and quantitative discussions, see, e.g. Ql@]. 



Fig. 1: The SUSY diagrams contributing to the (g — 2) M at the 1-loop level. 



The SUSY has an ability to explain this discrepancy with its contribution to the (g — 2)^. The contribution mainly 



comes from the two diagrams shown in Fig. 1 and is approximately expressed as 



^ r, v /i ~ -^^sgn(jUM 2 )tanj3, Aa^ ,/iJ ~ — sgn(/xMi)tan/3 H . (3) 
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Here m so f t is a representative mass of the relevant SUSY particles. These expressions tell us that m so f t should be small, 
tan/3 be large, and be positive in order to realize the SUSY explanation of the (g — 2)^ problem. Especially m so ft 
should be ^(lOOGeV). 

A tug-of-war. Now we can see a tension between the 125 GeV Higgs and the SUSY explanation of (g — 2)^; 
the former prefers a heavier SUSY, and the latter does a lighter. Of course this is just a tension; we can realize the 
both simultaneously under the MSSM matter content with tuning the numerous SUSY-breaking parameters. However, 
within simpler frameworks is the simultaneous realization impossible 3,4 ; for example, within the gauge-mediated 
SUSY breaking (GMSB) or minimal gravity-mediated SUSY breaking (mSUGRA) framework, which we have 
long loved. 

Let us summarize our situation. Now we have two options to realize the 125 GeV Higgs with explaining the (g — 2)^ 
problem. One choice is to abandon the GMSB or mSUGRA framework and consider more complex ones. For example, 
once we set m l st ' 2nd < raj]" 1 in the SUGRA framework, i.e. to set the scalar mass mo for the third family heavier than 
those for the first and second family, the simultaneous realization can be achievecfl Another choice is to depart from 
the MSSM matter content with sticking to the GMSB/mSUGRA frameworks. An example is the MSSM with an 
extra U(l) gauge symmetry H], and another example is the MSSM with vector-like matters ||9l-[l2ll. which we will 
investigate in the following part of this article. 

Here it should be noted that the NMSSM does not work well. We need a large tan/3 for the (g — 2)^ explanation 
as we have seen, but increase of the Higgs boson mass due to the NMSSM system is sizable only if the tan/3 is very 
small (< 5). Also MSSM + 5 + 5 model is inadequate; the Higgs boson mass is hardly increased 111 ill . 



THE MODEL 

In the model we consider ll9l 4l2ll . a vector-like pair of SU(5) complete multiplets 10 + 10 is attached to the MSSM as 
extra matters. We denote the extra matters as 10 = (Q' ,U',E') and 10 = (Q' ,0' ,E'). These yield extra terms in the 
superpotential 

W add = Y'Q'H U U' + Y"Q'H A U' + m Q ,Q'Q' + m^U'O' + m E ,E'£', (4) 
W mix = e,Q,H u U' + Q'H u Ui + e'/Q'^Di + z\UH A E' , (5) 

and corresponding soft terms. Note that the mixing between the vector-like and the MSSM matters, now in W m i x , is 
necessary, otherwise the extra matters result in stable charged particles. This model is free from gauge anomalies, and 
does not spoil the gauge coupling unification |[Tol[Tlll . 



3 Checked by ourselves. For the mSUGRA case, see also Ref. Qlol- 

4 This fact can be easily understood for the GMSB case. In the framework A, tends to be very small, and thus we need mj ~ lOTeV. Then the 
masses of the sleptons are also of order 1 TeV, and (g — 2)^ cannot be explained. 

5 Checked by ourselves. 
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Fig. 2: The conclusive panel of this article. The GMSB framework is considered, and the parameters are shown in the 
panel. The broad orange (yellow) band shows the region where the (g — 2)^ is within Iff (2ff) from the experimental 
result. The two green bands are where the Higgs boson mass is within [124, 126] GeV; the left (right) one is for 
My = 600(1000) GeV, where we set mg/ = %(=: My). The LSP is the gravitino, and the NLSP is shown in the 
panel. Also two bounds are shown; one is the LEP bound of the stau search|15 l|. an d the other is from the condition 
that the lifetime of our vacuum should be larger than the age of the Universe Ola, 1 1711 . 



The Higgs boson mass in this model is lifted up by the extra top-like quark, especially due to the term Y'Q'H a U'. This 
term is quite similar to the term y t Q3H u Uj, in the MSSM superpotential, and thus is capable to lift up the Higgs boson 
mass. What is beautiful is that the coupling Y' flows to an infrared fixed point Y' ~ 1.05 through the renormalization 
group running. This means the lift-up due to the term becomes sizable without any assumptions. 

However this model is still ugly in some viewpoints. First of all, the coupling Y" must be very small because it pulls 
down the Higgs mass with an opposite manner to Y' . Another ugliness comes from the fact that the vector-like mass 
Mqi,Miji must be around TeV scale as we will see later. Furthermore, the mixing e's must also be small, for a large 
mixing causes flavor-changing processes with unacceptable rates. These features will be understood as assumptions 
in the following analysis]! 

Finally, the increase of the Higgs boson mass can be approximately calculated with the 1-loop effective potential 
as, with assuming Y" <C Y' and tan/3 3> 1, 
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Here v = 174 GeV is the vacuum expectation value of the Higgs boson, Mp is a representative mass of the vector-like 
quarks, and Ms is that of the vector-like squarks. In other words, Ms can be expressed with the soft mass M so f t as 
M 2 S =M 2 F +Ml 0fv 

It should be noted here that the extra vector-like quark does not increase the production rate of the Higgs boson 11 1 411 . 
Rather, the rate gg — > h decreases by a few percent in this model. This is because this model has two top-like extra 
quarks. The heavier one does increase the rate gg — > h by c. ~ 10%, but the lighter one, whose contribution is larger 
than the heavier, decreases the rate gg — > h. 



Very recently, a model was proposed to solve the first two problems, i.e., smallness of Y" and mQ,m v t I13ll . 



Fig. 3: The decay tree of the vector-like quark. 



RESULT AND LHC PROSPECTS 

Here we focus on the GMSB case. The relevant parameters are the ordinal GMSB ones (A,M mess ,tanj3,A^ meS s, sgn/x) 
and the extra ones (nig , m v i ,Y'). We set nig = m v i =: My for simplicity, ji > to explain the (g — 2)^ discrepancy, and 
Nmess = 1 to preserve the perturbativity of the gauge coupling constants up to the GUT scale. The result is summarized 
in |Fig. 2 which is for M meS s = 10 6 GeV. It can be read that the simultaneous realization is achieved around, e.g., 



(m ? ,tanj3,My) = (1 TeV,20,600GeV). 

However, with sadness, the great development of the LHC SUSY searches already excluded vast regions in the 
figure. If the NLSP is a lighter stau ?i and it is long-lived, the whole region shown in the figure (above the blue- 
dashed line) is rejected by the current bound > 223 GeV fisll . For other scenarios, the mass bound for the gluino 
g excludes the left-hand-side region of the figure. If the NLSP decays promptly, the bound is > 1.2TeV for a 
neutralino NLSP lfl9ll and > l.OTeV for a stau NL SP |l2 0ll. The bound is somewhat relaxed for the case with a 
long-lived neutralino NLSP, but still it is nig > 900 GeV j2lll22 l l . A sizable region is still alive, but is barely breathing 
and the 2012 LHC run will draw a conclusion to the figure. 

Searches for extra quarks are of great interest because the particles are specific and crucial to this model. This model 
has three extra quarks (vector-like quarks), t [ , b', and t' 2 with masses 

v v 
m,/ « My - -, my = My, m f / « M v + -, (7) 

where v = 174 GeV is the vacuum expectation value of the Higgs and My := nig = m v i is assumed. Because of the 
smallness of the mixing between the extra and SM quarks, the extra quarks are produced in pair at the LHC, and decays 
into the lightest one t[. Then t\ decays into qW, qZ or qh with a branching ratio determined by the mixing parameters 
£,-, £•, £," in the superpotential W m i x . (cf. |Fig. 3) 

Mass bounds on the lightest vector-like quark t[ can be extracted from those on the heavy top-like quark T, but 
current bounds are obtained under the assumption that the particle T has only one decay channel. For T which 
decays exclusively as T — > bW, a bound nij > 557 GeV is reported by the CMS collaboration ll23ll . Similarly, a bound 
m T > 350 GeV is obtained for T with T -> qW SIH, and m T > 475 GeV for T -> tZ jH. 

The decay mode t\ — > qh is of great importancq^- It can be utilized to the identification of the heavy top-like quark, 
and also it would carry information about the Higgs sector. However, no result is reported on the search for the heavy 
top-like quark with respect to the decay channel T —> qh; it means in other words that we have no bound on T which 
decays exclusively as T — >• qh. It shall be emphasized that such searches are now, on the edge of discovery of the Higgs 
boson, much anticipated^ 

Searches for the heavier vector-like quarks, b' and t' 2 , are also interesting; with the searches we can distinguish t\ 
from the top-partner f p which appears in the Little Higgs models. Note that f p has the same decay modes f p — > th,tZ, bW 
as t[, while the chiral fourth generation quark only decays as —> qW. However realistic studies on such searches 
should be come after the discovery of an extra top-like quark. 

Searches for the vector-like lepton are also possible. Its decay branch might have information about the flavor 
structure of the leptons. The signal will be clear, but for the smallness of the production cross section, the searches 
would require a lepton collider. 



7 Particles which decay into the Higgs boson are generally very curious targets, because they have a sizable coupling between the Higgs boson and 
thus would know about the Higgs sector to some extent. 

8 Recently appeared a realistic study on possibility of the search for the heavy top-like quark focusing on the channel T —tth 12711 . In the paper the 
top-like quark search with combining T — > bW and T — yth channels is investigated. It is also mentioned that the LHC data corresponds to 15fb~' 
with y/i = 8TeV have capability to exclude the top-like quark less than 750 (650) GeV if the decay channel T — > th (T — > bW) is dominant. 



CONCLUSION 



The MSSM-GMSB framework has attracted us because of its natural suppression of dangerous flavor-changing 
processes and CP violated ones. However we cannot realize the 125 GeV Higgs boson and the (g — 2)^ explanation 
within the framework. We have to depart from the simplest framework, or to add some extra matters to the MSSM. 

We have seen that the extra vector-like matters 10 + 10 work very well. They do increase the mass of the Higgs 
boson, and enable us to realize the 125 GeV Higgs boson with explaining the (g — 2) „ problem. 



This model however suffers from the LHC SUSY search; we have faced that a vast region in Fig. 2 is under 



exclusion. This is mainly because the explanation of the (g — 2) M problem requires that the SUSY particles should 
be light at some level. We would leastwise look forward to the result from the 2012 LHC run. 

The searches for the extra vector-like particle, especially t[, has also been emphasized in this article. It should be 
noted again that searches for the decay mode T — > qh is much anticipated. 
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